During plant evolution, ferns originally evolved as a major vascular plant with a distinctive life cycle in which the haploid and diploid generations are completely separated. However, the low level of genetic resources has limited studies of their physiological events, as well as hindering research on the evolutionary history of land plants. In this study, to identify a comprehensive catalog of transcripts and characterize their expression traits in the fern Lygodium japonicum, nine different RNA samples isolated from prothalli, trophophylls, rhizomes and sporophylls were sequenced using Roche 454 GS-FLX and Illumina HiSeq sequencers. The hybrid assembly of the high-quality 454 GS-FLX and Illumina HiSeq reads generated a set of 37,830 isoforms with an average length of 1,444 bp. Using four open reading frame (ORF) predictors, 38,142 representative ORFs were identified from a total of 37,830 transcript isoforms and 95 contigs, which were annotated by searching against several public databases. Furthermore, an orthoMCL analysis using the protein sequences of L. japonicum and five model plants revealed various sets of lineage-specific genes, including those detected among land plant lineages and those detected in only L. japonicum. We have also examined the expression patterns of all contigs/ isoforms, along with the life cycle of L. japonicum, and identified the tissue-specific transcripts using statistical expression analyses. Finally, we developed a public web resource, the L. japonicum transcriptome database at http://bioinf.mind. meiji.ac.jp/kanikusa/, which provides important opportunities to accelerate molecular research in ferns.
Introduction
Ferns evolved as one of the major vascular plant groups that emerged after the divergence of the earliest vascular plant, Lycopsida, representing a sister lineage to seed plants that can be used in the study of land plant evolution (Barker and Wolf 2010) . All land plants undergo alternating generations of haploid gametophytes and diploid sporophytes. In the most primitive land plants, which evolved before ferns diverged, the gametophyte generation is dominant and the sporophyte generation is dependent on the gametophyte. However, ferns, representing autotrophic organisms, completely separate diploid sporophytic and haploid gametophytic generations, as observed in seed plants. During the diploid sporophytic generation, ferns develop haploid spores in sporangia by meiosis. Spores of homosporous ferns germinate to produce prothallia, which develop male or female organs called the antheridium or archegonium, respectively. The reproductive developmental fate is determined by the level of the pheromone antheridiogen (Näf et al. 1975 , Döpp 1980 ). Although such antheridiogen-based mechanisms have been observed in various fern species (Schneller 2008) , the chemical structure of antheridiogen has only been reported in Schizaeaceae (Yamane 1998) . The antheridium produces flagellate sperm and the archegonium produces eggs. The sperm swim to the eggs through water, and fertilization occurs. Fertilized eggs give rise to whole fern plants again and the cycle is repeated. Such a series of reproductive events is observed only in ferns and is different from the events that occur in higher plants with more complex structures (e.g. seeds, fruits and flowers). However, ferns are reported to have higher chromosome numbers and larger genomes than mosses and seed plants (Nakazato et al. 2006 , Barker 2009 ), creating difficulties in establishing genetic resources by whole-genome sequencing. To date, current genetic resources for ferns, such as genomic and transcript sequence data, are extremely limited for future molecular studies of ferns.
Recently, next-generation sequencing (NGS) technologies, including Roche 454 GS-FLX Titanium and Illumina HiSeq sequencers, have provided new opportunities for the characterization of genomes and transcripts in various species. In model plants, NGS technologies have already been used for sequencing genomes of closely related species via reference-based alignment/assembly (Schneeberger et al. 2011 , Igarashi et al. 2013 , Sakai et al. 2014 ). In addition, transcriptome sequencing is known to be the most powerful expression profiling method available to date and, unlike microarrays, is applicable to nonmodel and model plants (Postnikova et al. 2013 , Ramilowski et al. 2013 . Even when NGS sequencing of large genomes remains expensive, transcriptome sequencing can provide comprehensive information regarding the discovery and the characterization of transcripts, and it can also complement genome sequencing approaches in various non-model plants (Shi et al. 2011 , Meyer et al. 2012 , Muñoz-Mérida et al. 2013 . Several NGS transcriptome data sets have been published recently for ferns, including Pteridium (Der et al. 2011) and Ceratopteris (Bushart et al. 2013) , as well as several resulting from the OneKP project (Li et al. 2014) . For example, transcriptome sequencing in the gametophyte of bracken fern (Pteridium aquilinum) was previously conducted on the 454 GS-FLX Titanium pyrosequencing platform, which identified 56,256 unique transcript sequences (isotigs) with an average length of 547.2 bp at a 7.0Â read depth coverage by de novo transcriptome assembly (Der et al. 2011) . However, because these transcriptome data were derived from limited organs, including the gametophyte, leaves and spores, the assembled data may not be optimal for characterizing whole fern transcriptomes.
Recently, genomic web resources have offered sequences and annotations of transcripts, and gene atlas resources based on RNA sequencing (RNA-Seq) and microarrays, which enable functional genomic analyses in various plant species (Garg et al. 2011 , Hamada et al. 2011 , Van Moerkercke et al. 2013 , Li et al. 2014 . However, there is no available public web resource for mining the genomic and transcriptome data of ferns.
In this study, by using RNA-Seq data produced on 454 GS-FLX and Illumina HiSeq platforms, we tried to identify a comprehensive catalog of transcripts and characterize their expression traits in a Schizaeaceae, Lygoduim japonicum, whose antheridiogens have been isolated and well characterized (Yamane et al. 1988) . We first compared the performance of publicly available transcriptome assemblers for Illumina HiSeq short and 454 GS-FLX long reads, and decided that a hybrid assembly might be a good strategy to unite both resource usage and quality of assemblies. The hybrid assembly generated a set of 37,830 transcript isoforms with an average length of 1,444 bp, the total of which corresponded to a 958Â average depth of the final transcript assembly. All isoforms and contigs were subjected to gene predictions by four open reading frame (ORF) predictors, and we detected 27,030 (71.3%) transcripts with complete ORFs and 10,876 (28.7%) with partial ORFs, which were annotated by BLAST searches against several public databases. Furthermore, orthoMCL clustering in the transcript/gene sequences of L. japonicum and five model plants revealed various types of lineage-specific genes, including those present among land plant lineages or in only L. japonicum. We examined the expression patterns of all contigs/isoforms, along with the life cycle of L. japonicum, and identified the tissuespecific contigs/isoforms using a clustering analysis. Finally, we developed a public web resource, the L. japonicum transcriptome database (Ljtrans DB), which will lead to acceleration of molecular research in ferns.
Results

Generation of reads
To identify the full spectrum of genes present in a nonmodel fern, L. japonicum, we first attempted de novo sequencing using NGS technologies. However, since L. japonicum has 58 chromosomes per haploid genome, with >1.1Â10 9 bp (Roy and Manton 1965, Hanson and Leitch 2002) , we considered that sequencing and assembling a genome of L. japonicum was a costly and challenging endeavor. Therefore, we employed a de novo transcriptome assembly that united the short read data of Illumina HiSeq 2000 and the long read data of Roche 454 GS-FLX Titanium. Total RNA was isolated from prothalli, the trophophylls and the rhizomes of young sporophytes, as well as the trophophylls and the sporophylls of mature sporophytes ( Supplementary Fig. S1 ). To sample prothalli across their development, we classified them into five developmental stages (1.0, 1.5, 2.0 and 5.0 mm, and the fertilized stages) according to the width and the morphology of the prothalli, and prothalli were collected at each developmental stage. Total RNA samples derived from fertilized prothalli and rhizomes were subjected to RNA amplification, due to the low amounts of total RNAs. For RNA-Seq on the Illumina Hiseq platform, a total of 18 libraries were prepared from total RNAs of nine different tissues in biological duplicates (n = 2) (Table 1), which were sequenced using 100 nucleotide paired-end (PE) sequencing. Additionally, two mixed samples of RNAs obtained from the nine different tissues were prepared and sequenced twice, independently, on the 454 GS-FLX platform (Table1). An overview of the Illumina HiSeq and 454 GS-FLX sequencing data is presented in Table  1 . For the Illumina HiSeq-generated data, we removed duplicates, rRNA/tRNA and low quality reads, followed by adaptor and poly(A) trimming, and finally obtained approximately 866 million high-quality PE reads. For the 454 GS-FLX-generated data, approximately 1 million high-quality reads were obtained after the trimming of poly(A) sequences and the removal of rRNA/tRNA and low-quality reads (Table 1) . Thus, 74.2% and 62.6% of the total reads were passed through several quality filters in the Illumina HiSeq and 454 GS-FLX platforms, respectively, which were then used for de novo transcriptome assembly (Fig. 1) .
Comparisons of de novo assemblers and optimization
To construct the transcript contigs of L. japonicum (Fig. 1) , we first tested the performance of several known assemblers for their output data. Velvet-Oases, Trinity, SOAPdenovo-Trans, and the de novo assembler provided by CLC Genomic Workbench (CLC) were selected to assemble the Illumina HiSeq sequencing data (Zerbino and Birney 2008 , Zhao et al. 2011 , Schulz et al. 2012 , Xie et al. 2014 , and the GS De Novo Assembler (Newbler) was used to assemble 454 GS-FLX sequencing data. Detailed procedures for these assemblers of the sequencing data are presented in the Materials and Methods. When comparing the assembly data prepared from the Illumina HiSeq sequencing data, Trinity, followed by CLC, generated the largest number of transcripts (381,814 in Trinity and 372,369 in CLC), whereas SOAPdenovo-Trans generated the smallest number ( Table 2 ). The total number of transcripts generated by Velvet-Oases was intermediate among the tested assemblers, but was about 3.5-fold higher than SOAPdenovo-Trans ( Table 2 ). The mean transcript length and its N50 of the assembly data by Velvet-Oases were 1,242 and 2,398 bp, respectively, which were comparable with the assembly data of SOAPdenovo-Trans. Interestingly, the average lengths of the assembly data are similar to the average full-length cDNAs from the public databases of several model plants, such as Arabidopsis (1,520 bp in TAIR version 10) and rice (1,542 bp in RAP-DB IRGSP-1.0). However, the assembly data obtained by CLC had the smallest mean values (387 bp) and N50 transcript lengths (416 bp), indicating the low performance of the CLC program in this study. From the 454 GS-FLX sequence data, Newbler generated a set of 18,999 transcripts with average and N50 lengths of 1,455 and 1,675 bp, respectively ( Table 2) .
Next, the validation of assembly data was conducted by the BLASTX search of transcripts generated by various programs against the UniProt and EuKaryotic Orthologous Groups (KOG) databases ( Table 2) . Among the tested assemblers, the percentage of transcripts that exhibited significant similarity with UniProt protein sequences was the highest in SOAPdenovo-Trans (64.8%), followed by Velvet-Oases (43.4%). The percentage of transcript hits was lower in the Trinity and CLC assembly data, which may be due to their smaller sizes ( Table 2) . On the other hand, the percentage of subject hits among all the UniProt proteins was highest in CLC assembler, whereas it was the lowest in SOAPdenovo-Trans ( Table 2) . Velvet-Oases and Trinity exhibited intermediate scores, but were comparable with that of CLC (Table 2), suggesting that the diversity of the data when assembled by VelvetOases was greater than that assembled by SOAPdenovo-Trans. Furthermore, when using conserved orthologous gene sets in the KOG database, similar trends were observed by comparisons among the assembled data ( Table 2) . Next, according to a previous report (O'Neil and Emrich 2013), we calculated the mean and median ortholog hit ratios (OHRs) against the UniProt and KOG databases. These measurements are defined by dividing the matched region of the transcript with the blast best-hit sequence in nucleotide length, which may reflect the completeness of the assembled sequence. The mean and median values of the OHRs against the UniProt and KOG databases were highest in SOAPdenovo-Trans, but were similar to those in Velvet-Oases ( Table 2 ). The CLC assembler showed the lowest mean and median OHR values (Table 2), as expected.
Overall, based on the assembly statistics and the coverage against the UniProt and KOG database, either the Velvet-Oases or SOAPdenovo-Trans assembler appeared to be the best. Velvet's assembly data had an advantage in the variation of assembled transcripts, but it had a weakness on the completeness of each assembled transcript. On the other hand, SOAPdenovo-Trans exhibited the opposite trend to VelvetOases. Considering the development of a public resource based on the transcriptome data, we decided that the diversity, rather than the completeness, of the assembled transcripts might be more important in this case. Thus, we concluded that Velvet-Oases was the best assembler for our purpose, and used the assembly data of Velvet-Oases for the subsequent study. Also, a comparison of the assembled transcripts from 454 GS-FLX sequence data revealed that 77.4% and 67.6% of the total assembled transcripts showed significant similarity to the UniProt and KOG databases, respectively ( Table 2) . For the 454 assembly data, the mean of the OHRs was 0.64 against the UniProt database and 0.61 against the KOG database ( Table 2 ), indicating that the assembly data generated from 454 GS-FLX sequence reads formed more complete transcript sequences.
Read preprocessing Remove redundancy
Trimming adaptor and polyA sequences using cutadapt Remove contamination (tRNA/rRNA sequences) Quality filtering de novo assembly Previous studies have suggested that a hybrid approach, using both 454 GS-FLX and Illumina sequencing data, strengthens the de novo transcriptome assembly (Schatz et al. 2010 , Garg et al. 2011 , Wenger and Galliot 2013 . To improve the completeness of the primary assembly data obtained by Velvet-Oases (Table 2) , we attempted a hybrid assembly via the Newbler program using both the Velvet's assembly data and 454 GS-FLX reads. Among the Newbler output, the isotigs and the contigs represent transcript isoforms and exons, whereas the isogroups represent the unigenes, ideally. The hybrid assembly generated a total of 37,830 isoforms (referred to as isotigs in Newbler output), which had an average length of 1,444 bp and a N50 length of 1,734 bp, and corresponded to 23,856 unigenes (Newbler term 'isogroup') ( Fig. 2A ; Table 3 ). About 61.8, 66.0 and 54.7% of these isoforms exhibited significant similarities to the annotated proteins in the UniProt, TAIR and KOG databases (Table 3) , respectively. Furthermore, in the hybrid assembly data, the mean and median of OHR values against the Uniprot and KOG databases were improved relative to those of the primary assembly data created by Velvet-Oases (Tables  2, 3 ). On the other hand, the percentage of the UniProt hits (1.73%) in the hybrid assembly data showed an intermediate value between the primary assembly data of Velvet-Oases and Newbler (Tables 2, 3 ). However, the percentage of subject hits was 28.2% and 11.9% in the TAIR and KOG databases, respectively, which was higher than that in the UniProt database (Table 3) . Thus, the hybrid assembly using the 454 GS-FLX reads mainly improved the completeness of the primary assembly data obtained from the RNA-Seq data of Illumina HiSeq. We decided to use this hybrid assembly data as a transcript resource for L. japonicum.
Finally, to estimate the depth and breadth of our hybrid assembly data, we examined the read depth profile by mapping all of the Illumina HiSeq and 454 GS-FLX reads to assembled isoforms ( Fig. 2B, C) . The average read depth per isoforms was 958Â, ranging from 0.08 to 209,000 (Fig. 2B) . The distribution pattern was heavily skewed and showed a long tail with extremely high read depth values, which is similar to those of previous de novo assembly studies in non-model plants (Der et al. 2011 , Meyer et al. 2012 , Muñoz-Mérida et al. 2013 ). The coverage per isoform length was 0.99 on average, confirming that our RNA-Seq reads covered almost the full length of the identified isoforms (Fig. 2C) . Moreover, the average coverage per isoform length was about 50% at the threshold of 200Â read depth (Fig. 2C) , suggesting deep coverage of the transcriptome of L. japonicum.
High quality annotation of the transcriptome
We attempted to discover the ORFs within the identified contigs/isoforms, and to assign putative functions (gene names and nucleotide or protein sequences) to the contigs/isoforms. Recent studies of de novo assembly in non-model plants have suggested that plant transcriptomes using such 'cluster and assemble' approaches may generate chimeric sequences from highly similar, yet distinct, transcripts generated by duplicated and homologous gene copies (Nakasugi et al. 2014) . Therefore, we first determined the number of chimeric transcripts by performing a BLAST search against the public Arabidopsis genomic database (TAIR, version 10). At first, all contig/isoform sequences were subjected to a BLASTX search against the TAIR10 database (Step 1 in Supplementary Fig.  S2 ). Based on the results, contigs/isoforms were then classified into two categories, single and multiple hit contigs/isoforms (Step 2 in Supplementary Fig. S2 ). The former were considered to be non-chimeric transcripts, while the latter were subjected to further analyses. Then, according to the alignment patterns, the contigs/isoforms with multiple TAIR hits were classified into three categories; 'Including', 'Overlap' and 'Split'. 'Including' indicates that a TAIR10 entry was aligned within the alignment region of another entry. 'Split' and 'Overlap' denote that the multiple TAIR10 entries had either no or partial overlaps, respectively, in query coverage. The contigs/isoforms classified into 'Split' and 'Overlap' categories were considered to be potentially chimeric transcripts. Finally, we analyzed these contigs/isoforms using a gene prediction program, AUGUSTUS (Step 3 in Supplementary Fig. S2 ). If more than one gene was predicted within the contig/isoform, we concluded that they had a high possibility of being chimeric. However, other contigs/isoforms classified into the 'Split' and 'Overlap' categories were judged as having low and average possibilities of being chimeras, respectively (Step 4 in Supplementary Fig. S2 ). Overall, our BLAST-based estimation of chimeric transcripts revealed a total of 3,751 contigs/isoforms as chimera candidates (Table 4) . More than half of the identified putative chimeric contigs/isoforms were judged as having a low possibility of being chimeras (2,405 contigs/isoforms), whereas 1,138 and 208 contigs/isoforms were classified as chimera candidates with average or high possibility, respectively, ( Table 4) . Considering the percentage of these chimera candidates The best BLASTX hits against the UniProt, TAIR and KOG protein sequences were employed for this analysis, with an e-value cut-off of <10
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. a Contigs/isofroms showing significant hits against the UniProt database. b UniProt subjects showing sequence homology with the indicated contigs/ isoforms. c The ortholog hit ratio (OHR) is calculated as a ratio of the matched region of the contig against the total length of the best BLASTX hit.
(9.9%) in the 37,926 contigs/isoforms, these results may also support the accuracy of the hybrid assembly. After filtering the chimeric transcripts, the contig/isoform sequences were translated into amino acids in six frames using an in-house perl script ( Table 4 ). In addition, considering that L. japonicum may express novel proteins with no similarity to known proteins, their sequences were subjected to three ORF prediction programs (Transdecoder, FrameDP and Newbler) (Gouzy et al. 2009) , and the longest ORF was selected when each program predicted plural ORFs within a contig/isoform. Each combination of a reading frame translation (in-house perl script) and the three programs was assigned a probability score of 0.2. If more than one ORF prediction for the contig/isoform was the same, the sum total of their scores was presented as a probability score of the predicted ORF. Finally, by a comparison among the predicted ORFs in each contig/isoform, the longest ORF with the highest probability score was referred to as the representative ORF of the contig/isoform. Finally, a total of 38,142 representative ORFs were identified from 96 contigs and 37,830 isoforms ( Table 4) . Although the single representative ORF was predicted within almost all of the contigs (96) and isoforms (37,607), plural representative ORFs were found within 223 isoforms. Among the representative ORFs, 27,030 ORFs were complete, with start and stop codons, which correspond to 71.3% of all contigs/isoforms. Next, we assigned functional information to our contigs/isoforms using various public databases. The identified contigs/isoforms were first annotated based on the BLASTX best hit from NCBI's non-redundant protein (nr) and UniProt databases (e-value <1e-5) (Fig. 1) . Furthermore, InterProScan was used to identify conserved protein domains present in the contigs/isoforms, and the results were then used to assign gene ontology (GO) information to the contigs/isoforms (Fig. 1) . Finally, to obtain putative metabolic information on the contigs/isoforms, the contig/isoform sequences were aligned to the KEGG pathway database via the KAAS tool (Fig. 1) . Taken together, these various and detailed annotations are important to estimate the physiological functions of the contigs/isoforms in L. japonicum.
Ortholog identification using OrthoMCL clustering
We performed an orthoMCL clustering analysis to investigate further the genetic similarities between L. japonicum and land plant species (Fig. 1) . Recent progress in genome research has provided genomic and transcript information on various land plants because whole-genome shotgun sequences, expressed sequence tag (EST) sequences and/or NGS assembled contigs are publicly available. In three model plants, the moss Physcomitrella patens, the spikemoss Selaginella moellendorffii, and the gymnosperm Pinus taeda, the draft genome sequences and gene information are suitable for evolutionary studies (Rensing et al. 2008 , Banks et al. 2011 , Neale et al. 2014 ). The moss P. patens belongs to one of the basal land plants and has been used as an experimental organism, in which gene targeting via homologous recombination has been applied to plant biology and functional genome analyses (Rensing et al. 2008 ). Mosses and vascular plants, which are hypothesized to have diverged approximately 430 million years ago, are considerably different from flowering plants in morphology and life cycle (e.g. no vascular system, and dominant gametophyte generation) (Fig. 3A) (Kenrick and Crane 1997) . The lycophyte S. moellendorffii belongs to a basal group within the vascular plants that diverged from the other vascular plants approximately 400 million years ago (Weng et al. 2005 , Banks 2009 , Banks et al. 2011 (Fig. 3A) . Leaves of the lycophytes and other vascular plants are believed to have evolved in parallel during plant evolution (Gifford and Foster 1989) . Thus, the study of S. moellendorffii will provide insights into vascular plant evolution, particularly the development of the plant body. The gymnosperm is a sister lineage to the seed plants, which appeared approximately 360 million years ago (Fig. 3A) (Troitsky et al. 1991) . Gymnosperm organisms (including pine trees, sago palms and ginkgos) develop cone-like structures instead of flowers (Chanderbali et al. 2010 ). Subsequently, angiosperms, containing both seed and flower structures, evolved approximately 130 million years ago (Chanderbali et al. 2010) . They include the monocot Oryza sativa and dicot Arabidopsis thaliana (Fig. 3A) . In this ortholog analysis, all contigs/isoforms were searched against the custom data sets derived from these five land plants, using the BLASTp program (Fig. 3B) . Contigs/isoforms were then assigned to orthoMCL clusters based on the best BLAST hit for each contig/isoform. A total of 26,647 clusters were identified among L. japonicum and the five land plants, and 24,280 contigs/isoforms in L. japonicum were assigned to at least one gene cluster. Among the 24,280 contigs/ isoforms in L. japonicum, 9,287 contigs/isoforms (38.25%) were assigned to clusters having homologs from L. japonicum, but no homologs from the other five land plants (Fig. 3B) . A total of 9,215 contigs/isoforms (37.95%) were assigned to orthoMCL clusters, including annotated proteins from the five land plants (Fig. 3B) , suggesting that these contigs/isoforms might be conserved among land plant species. On the other hand, this orthoMCL analysis identified 1,805 of 24,280 total contigs/isoforms as showing homology with proteins from a subset of five land plants (Fig. 3B) . For example, 515 contigs/isoforms (2.12%) were classified into clusters having homologs from S. moellendorffii, P. taeda, O. sativa and A. thaliana (Fig. 3B) , whereas 405 contigs/isoforms (1.67%) had homologous proteins in only S. moellendorffii (Fig. 3B) . The ortholog information provides insights on how genes in L. japonicum evolved during the evolution of land plants.
Organ-specific expression analysis in L. japonicum
Although small-scale expression analyses, such as the cDNA subtraction method and EST abundance, have been conducted in ferns (Salmi et al. 2005, Weng et Table S1 ). In addition, to compare the expression dynamics of these DE transcripts among organs, we calculated the log 2 counts per million (logCPM) values of individual DE transcripts and performed a principal components analysis (PCA) using the Z-score normalization (Fig. 4A) . Altogether, the first two components in this analysis account for 69.2% of variance among organ samples (PC1 = 51.8%, and PC2 = 17.4%).
As shown in Fig. 4A , global expression patterns derived from prothalli or sporophytes were very similar to each other. However, PC2 leads to a separation between prothalli and sporophytes, emphasizing the obvious differences between their transcriptional profiles (Fig. 4A) . On the other hand, PC1 separated fertilized prothalli and rhizomes of young sporophytes from other samples (Fig. 4A) , indicating the distinctiveness of the expression profiles observed in these two organs. However, in this study, these RNA samples were amplified before sequencing on the Illumina HiSeq platform because of their low yields (see the Materials and Methods). Therefore, we cannot eliminate the possibility that PC1 might be due to an artificial RNA amplification bias. Among the 25,091 DE transcripts, we identified 3,756 organ-specific transcripts (equal to 2,749 unigenes) whose expression levels are significantly higher in one particular organ than in the other organs as determined by the Shannon entropy-based method (Fig. 4B, C) . A subset of the organ-specific transcripts consistently exhibited apparent expression in an organ-dependent manner (Fig. 4B) . The distribution of the 3,756 organ-specific transcripts revealed that almost all showed specificity in the rhizomes of young sporophytes (3,304 transcripts), followed by the sporophylls of mature sporophytes (196 transcripts) ( Fig. 4C ; Supplementary Table S2) . On the other hand, we identified a low number of DE transcripts in unfertilized prothalia compared with other organs. In particular, only a DE transcript was dominantly expressed in 2.0 mm prothalium. These results could be due to the very high expression similarities among these unfertilized prothalia. A functional analysis of the organ-specific genes using the GO classification system revealed that each group of organ-specific genes was associated with various characteristic GO terms (Supplementary Tables S3-S5 ). For example, organ-specific genes in rhizomes of young sporophytes were significantly associated with protein-DNA complex assembly (GO:0065004), small GTPase-mediated signal transduction (GO:0007264) and GTP binding (GO:0005525). The small GTPase-related genes included rab family GTPase (isotig03396, isotig03405 and isotig16646), and Rab2/RabB family small GTPase (isotig05997) (Supplementary Table S3 ). Previous studies have revealed an important role for the small GTPases in regulating root hair and root development of higher plants (Vernoud et al. 2003 , Inoue et al. 2013 ). On the other hand, genes expressed at high levels in fertilized prothalli were enriched for photosynthesis (GO:0015979), translation (GO:0006412) and structural constituents of the ribosome (GO:0003735) (Supplementary Table S4 ). Considering that the RNA-Seq data could illustrate various expression properties of the assembled transcripts based on their spatiotemporal expression patterns and molecular functions, the data are well suited to aid in the understanding of gene expression dynamics and their biological functions during the life cycle of L. japonicum.
Fern transcriptome database
We developed a public data resource, the L. japonicum transcriptome database (Ljtrans DB), which provides a searchable interface to our L. japonicum assembled sequence and transcriptome data (Fig. 1) . This database is publicly available at http://bioinf.mind.meiji.ac.jp/kanikusa/. Fig. 5 provides snapshots of the various tools/features in Ljtrans DB that facilitate browsing the transcriptome data of L. japonicum reported in this study. In the current version (version: 1.0RC), the transcript sequences of all contigs/isoforms generated by the hybrid assembly are used as a reference data set for Ljtrans DB (Fig. 5) .
In addition, the sequence data of the hybrid-assembled contigs/ isoforms have been directly provided from the download site (Fig. 5) . A first step for Ljtrans DB usage is to search any gene(s) of L. japonicum of interest. This database provides BLAST and keyword searches (based on contig/isoform ID, and descriptions for all the functional annotations) in the 'search' section on the main page (Fig. 5) . For example, users can search for possible homologs or orthologs in L. japonicum for any gene of interest based on sequence similarity and annotation information (Fig. 5) . In the BLAST search, since NCBI BLAST programs (version 2.2.26; blastn, tblastn, tblastx, blastp and blastx) are equipped in the Ljtrans DB, either nucleotide or protein sequence(s) can be used for searching against the reference sequence data at the user-defined threshold of the e-value. The output page of the BLAST search is a standard BLAST format with sequence alignments. In the keyword search, users can submit the various keywords and descriptions, leading to all contigs/isoforms with the related annotations derived from NCBI nr, UniProt, GO and InterPro databases (Fig. 5) . The BLAST and keyword searches facilitate access to the main page of Ljtrans DB, which contains the expression and the annotation data for each of the searched contigs/isoforms (Fig. 5) .
The main page consists of four major sections: annotations derived from four public databases (NCBI's nr, the universal protein knowledgebase 'UniProt', InterPro and GO), sequence (nucleotide and amino acid), gene expression data and orthoMCL-derived ortholog data. The sequence section provides the sequence of representative and other ORFs predicted by the four ORF programs. Visualization of CPM-based expression data across nine organs and an extensive KEGG pathway are also provided to understand easily the expression profiles and functions of the contigs/isoforms of interest (Fig. 5) . In the orthoMCL-derived section, users could examine the orthologous groups of contig/isoform from the OrthoMCL analysis between L. japonicum and five land plants, and download the orthologous gene sequences for five land plants as well as L. japonicum. Furthermore, ORF region(s) predicted by the ORF programs and the mapping profile of all Illumina HiSeq and 454 GS-FLX reads across each contig/isoform are visualized in the assembly detail section, which is accessible through the main page (Fig. 5) . The database will accelerate research on fern functional genomics and plant evolution. Furthermore, we aim to update the database annually or as new sequence/annotation data set(s) are available for fern research.
Discussion
In the land plant kingdom, ferns have been an important group, as the sister lineage to seed plants, for comparative evolutionary studies. In this study, we performed the transcriptome sequencing of a fern, L. japonicum, using Illumina HiSeq and 454 GS-FLX sequencers, and constructed a public transcriptome resource, Ljtrans DB, which enables functional genomic analysis in ferns. De novo transcriptome assembly provides an important tool for the characterization of transcripts in non-model plants with no reference genome. We compared the performance of various available assemblers and two assembly strategies, and demonstrated that the hybrid assembly using 454 GS-FLX reads and the primary assembled contigs of Illumina HiSeq improved the completeness of transcript sequences, but not the diversity of transcripts. Our de novo transcriptome assemblies provide practical strategies for transcript reconstruction in non-model plants. Additional improvements in the transcript diversity will be required for this hybrid assembly. On the other hand, we found a large number of possible chimeric transcripts among the assembled contigs/isoforms (Table 4) . This may be due to the misassembly of the reads or the primary assembled contigs/isoforms. However, considering the high read depth and coverage per isoform (Fig. 2) , at least some of these chimeric transcripts should be present in L. japonicum. Indeed, a multitude of fusion transcripts that seem to be generated by splicing events were identified in several higher plants (Zhang et al. 2010) . Alternatively, our orthoMCL analysis revealed that about 40% of the contigs/isoforms were assigned to L. japonicum-specific clusters (Fig. 3) , which is consistent with a previous study in bracken fern (Der et al. 2011 ). This result indicates that the gene duplication events, and genetic organizational changes, may have occurred through the expansion of the fern lineage, which would be another explanation for the discovery of chimeric transcripts. However, further studies in various land plants are necessary to evaluate these possibilities.
The identified contigs/isoforms were functionally annotated based on BLAST searches against the NCBI nr and UniProt database. Furthermore, we assigned the GO terms and the conserved domains to the contigs/isoforms. These annotations provide an important resource for understanding the gene content, biological processes and pathways conserved in L. japonicum. In addition, the expression profiles of all contigs/isoforms across nine organs are also useful for the functional analyses of genes of interest in L. japonicum. To date, these results have been available via our web resource, Ljtrans DB. In the future, to accelerate the evolutionary study of land plants, Ljtrans DB will provide various links to genetic and transcriptome resources in other plants. In particular, the comparisons of expression profiles of lineage-and species-specific genes between multiple plants species will be very helpful in investigating evolutionary relationships among land plants. Our data and results provide essential information for future genetic studies in L. japonicum and present a de novo transcriptome assembly workflow that should be applicable to other plants as well.
Materials and Methods
Plant material
Spores of L. japonicum were collected from sporophytes grown in the greenhouse of Nagoya University. Aseptic germination and culturing of L. japonicum from spores were performed according to the methods of Takeno and Furuya (1980) . A total of 31 mg of spores were sterilized with 5% NaClO and scattered on a 3 cmÂ3 cm cellulose filter in a 1/10 Murashige and Skoog (MS) agar plate in a Petri dish. After 7 d of incubation at 25 C in the dark, spores were treated with red light (660 nm, 75 mol/m 2 ) for 1.5 d to trigger germination, and further incubated in the dark for 3 d to induce protonemata. To produce prothallia, protonemata were incubated in the dark for an additional 4 d (totaling 7 d), moved to white light conditions in a growth incubator, and were then cultured until the young sporophyte stage. To collect samples that were indicative of organs of mature sporophytes, plants directly grown in the greenhouse were used.
RNA isolation and its amplification
Total RNA was extracted from the indicated samples using an RNeasy Plant Mini Kit (Qiagen). RNA samples were isolated independently (two biological replicates). Total RNAs derived from fertilized prothalli and rhizomes were subjected to RNA amplification with a MessageAmp TM II aRNA Kit (Ambion), due to the low amounts of total RNAs.
Construction of cDNA libraries and deep sequencing on Illumina HiSeq and 454 GS-FLX platforms
The quality of all isolated RNA samples was confirmed using an Agilent Bioanalyzer RNA NanoChip (Agilent Technologies). For 454 GS-FLX pyrosequencing, poly(A) RNA was purified using the MicroPoly (A) Purist kit (Ambion). Poly(A) RNA (200 ng) was then fragmented and used as a template for double-stranded cDNA production using random hexamer primers according to the procedure of the cDNA System Synthesis Kit (Roche). The resulting cDNA was used to make a DNA library using a GS Titanium Rapid Library Preparation Kit (Roche) as described in the manufacturer's manual. A full plate reaction of 454 pyrosequencing was done using a 454 Genome Sequencer FLX System (Roche). The 454 raw data were extracted from the sff file and automatically converted to a fasta file using sff_extract.py (written by Jose Blanca and Bastien Chevreux, http://bioinf.comav.upv.es/sff_extract/ index.html). For Illumina HiSeq sequencing, RNA sequencing libraries were constructed from 4 mg RNA samples using the TruSeq RNA sample prep kit (Illumina). The RNA libraries were then sequenced on the Illumina HiSeq 2000 platform, according to the 100 nucleotide PE protocol. Image analysis and base calling were performed using the standard Illumina analysis pipeline with CASAVA (Illumina ver. 1.8.1).
De novo transcriptome assembly
For pre-processing on the Illumina platform, duplicate read pairs due to PCR duplications were removed. After the trimming of both TruSeq adaptors and possible poly(A) sequences, the reads that were shorter than 20 bp were filtered out by cutadapt software (Martin 2011) . Then, to remove reads derived from tRNA and rRNA molecules in L. japonicum, the reads showing homology with rRNA or tRNA sequences of Arabidopsis and O. sativa were discarded by BLAST searching (e-value <1e-4). Additionally, when low-quality base repeats (base quality score <10) were present at both ends of the reads, the indicated repeats were trimmed. Finally, we removed the following reads: average of base quality value is <17, its length is <20 or the percentage of low-quality bases (base quality score <10) is >10%. For read preprocessing on the 454 GS-FLX platform, the reads were subjected to the same filtering tests without the removal of adaptor sequences and duplicate read pairs, because these processes were performed by sff_extract.py and Newbler. Only the removal of duplicate reads was not conducted in the expression analysis.
Various de novo assembly programs were used in this study to generate assembled transcripts with Illumina HiSeq and 454 GS-FLX read data, and the details are as follows: Velvet (version 1.2.10; Zerbino and Birney 2008) followed by Oases (version 0.2.08; Schulz et al. 2012) , Trinity (version r2013_08_14; Zhao et al. 2011) , SOAPdenovo-Trans (version 1.03; Xie et al. 2014) , CLC Genomics Workbench (version 3.7.1) and GS De Novo Assembler (Newbler version 2.7). These programs have been developed for the de novo assembly of long and/or short reads. Trinity was performed using the default parameters. In Velvet-Oases, only one k-mer length (49-mer) was selected for the assembly, using the following parameters: cov_cutoff = auto, ins_length = 150, read_trkg = yes in velvetg and the other default parameters. In SOAPdenovo-Trans, we used one k-mer length (61-mer) with the following parameters: max_rd_len = 100, rd_len_cutof = 100, avg_ins = 150, reverse_seq = 0, asm_flags = 3 and map_len = 32. The parameters used with the CLC Genomics Workbench were 'Minimum distance = 180, Maximum distance = 250 and Minimum contig length = 150'. In Newbler, the default parameters were used in this assembly. The estimation for each assembly was performed using BLASTX (e-value <1e-5) against the UniProt and KOG database. Then, the resulting BLAST results were used for the calculation of OHRs by a previously reported method (O'Neil and Emrich 2013).
Functional annotation
The detection of chimeric transcripts in the assembled contigs/isoforms was performed using BLASTX (e-value <1e-5) against the public Arabidopsis genomic database (TAIR, version 10), and gene prediction was performed using AUGUSTUS (Stanke et al. 2006) . To determine the representative ORFs, we used an in-house perl script, which generated the six-frame translation from contig/isoform sequences, and the three ORF predictors, Transdecoder (http:// transdecoder.sourceforge.net/), FrameDP (Gouzy et al. 2009 ) and Newbler, using the default parameters. Each combination of a reading frame translation and the three programs was assigned a probability score of 0.2. After comparing among the predicted ORFs for each contig/isoform, the longest ORF with the highest probability score was selected as the representative.
For the orthoMCL analysis, the public proteome data sets for five model plants were downloaded from their respective genome project websites: P. patens (COSMOSS version 1.6), S. moellendorffii (JGI version v1.0), P. taeda (PINEREFSEQ version 1.01), A. thaliana (TAIR version 10) and O. sativa (RAP-DB version IRGSP-1.0). The protein sequences of the representative ORFs in the contigs/isoforms were subjected to a BLASTP analysis (e-value <1e-5) using the custom proteome data set. According to the BLASTP results, each contig/ isoform was assigned to orthoMCL cluster(s) using the OrthoMCL program, based on the best blast hit (Fischer et al. 2011) . For the functional annotations of all contig/isoforms, their sequences were subjected to BLASTX searches against the annotated protein sequences present in the NCBI nr and UniProt databases. The annotation results of the BLAST best hits were used as the thresholds of evalues (<1e-5) to assign putative functions to the indicated contigs/isoforms. To obtain the putative metabolic information on contigs/isoforms, the KAAS tool (http://www.genome.jp/tools/kaas/) website was used to assign pathway information from the KEGG database. InterProScan (version 4.8) was used to identify conserved protein domains present in the contigs/isoforms. The GO terms associated with the best BLASTX hits in InterProScan were used to obtain GO information for the corresponding contig/isoforms. The obtained GO information was then transformed into GO-slim terms via web-based tools (ftp://ftp.ebi.ac.uk/ pub/databases/GO/goa/goslim/goaslim.map).
Expression analysis
The transcript sequences of all contigs/isoforms were used as reference data for the expression analysis. The bwa program with the unique-hit option was used to map all Illumina reads on the transcript sequences while allowing up to three nucleotide mismatches. From the bwa output, the read-count data were used to estimate the expression values of the transcripts using the R package, 'edgeR'. Then, DE transcripts across nine organ samples were identified using a generalized linear model (GLM) in the edgeR package (P < 0.001, FDR < 0.01). As per the edgeR instruction manual, the logCPM values were used as the expression values of individual DE transcripts for comparisons within and between samples, and those with >4-fold changes were selected from the samples to reduce false positives. A PCA was conducted to quantify global expression trends in the DE transcripts among nine organ samples, using R's prcomp command with Z-score normalization. The Shannon entropy was used to evaluate the organ specificity of the DE transcripts (Schug et al. 2005 , Kadota et al. 2006 . GO enrichment analysis of organ-specific genes was performed with the AgriGO tool using the hypergeometric test. All other parameters were set to default and all contigs/isoforms was used as background. MEV4 software was used for the generation of the heatmap showing organ-specific expression (Saeed et al. 2003) .
Supplementary data
Supplementary data are available at PCP online. 
